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ABSTBitfT 


A  one- liter  feraentor  was  designed  and  tested  for  use  as  a  tissue- 
culture  vessel.  It  features  a  tes^rature  control  device;  labeller 
ag Its: Ion  without  the  necessity  of  a  shaft  seal;  and  a  aeana  for 
neasc  Ing,  recording,  and  controlling  both  pH  and  CKldatlon-reductlon 
potential  (ORP).  Teats  have  shown  the  OHP  to  change  fairly  lapldly 
Mith  iupellet  speed  vatlatlons  under  conditions  of  a  continuous  carbon 
dioxide  -  air  overlay.  Working  with  strain  I.  aouse  fibroblasts  (karle), 
cell  counts  of  aore  than  1.25  x  10*  per  allllllcer  without  centrifugation 
and  aediua  renewal  were  achieved  and  cell  counts  were  aslntalned  above 
1  X  lOr  for  aore  than  30  hours.  With  the  vessel  studied,  pH  control 
was  ±0.05,  the  ORP  control  was  ±10  millivolts.  Controlled  environments 
for  tissue  celt  metabolic  studies  ate  entirely  feasible  with  this 
syatea. 
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I.  IMTOODUCTIOH 


In  mny  Inboratorle*  tissue  cells  are  propagated  in  subaerged  seall 
stirrer  cultures  typical  of  those  of  Cherry  and  Hull.^  HcLlaans, 
Giardinello,  Davis,  Kucera.  and  lake^  have  pointed  out  that  this  proces* 
is  difficult  to  scale  up  or  extrapolate  into  larger  vessels,  and  they 
proposed  that  a  5~liter  New  Brunswick-type  feraentor  be  used  for 
scale-up  studies.  Many  investigators  have  acted  upon  this  proposal. 
Rightsel,  McCalpin,  and  McLean’  have  studied  cell  growth  in  5-,  7^-,  and 
30-liter  fersantors.  Cherry  and  Hull*  exaained  growth  characteristics 
of  R  cell  strains  in  6-  and  7-llter  ferisentors.  Hale  and  Daniels* 
grew  strain  L  aouse  fibroblasts  (Earle)  in  a  40-llter  vessel.  Perloan 
and  Gulffre  have  reviewed  aoaa  of  the  design  considerations  for  subsarged 
vessels,  such  as  aethods  of  agitation,  saterials  of  construction,  cluaping 
of  cells,  air-liquid  interface  rii^s  of  growth,  and  aeration  requireaents. 

Although  the  stirrer  culture  vessel  is  popular  because  of  its  relative 
simplicity,  ease  of  fabrication,  and  snail  size,  we  feel  that  it  possesses 
these  decided  disadvantages:  (i)  inadequate  agitation,  resulting  in  a 
menstruua  Chat  in  poorly  nixed,  poorly  aerated,  and  uneven  in  teaperature; 
(li)  no  provision  is  aade  for  autoaatic control  and  recording  of  pH 
values  and  oxidation-reduction  potentials  (ONP);  and  (iii)  the  process 
data  obtainable  are  insufficient  to  peralt  scaling-up  to  the  standard 
New  Brunswick' type  feraentor. 

On  the  basis  of  the  reports  by  Cooper,  Burt,  and  Wilson*'^  showing 
tne  need  for  controlled  ataospheres  and  the  desirability  of  control 
through  ORP  aeasureaents,  and  the  review  of  Bongo*  pointing  out  the 
iaportance  of  ORP  in  biological  systeas;  we  concluded  that  ORP  control 
would  be  desirable  and  perhaps  essential  in  tissue  culture.  Cherry  and 
Hull*  pointed  out  the  iaportance  of  rigid  control  of  pH,  gas,  medium, 
and  other  unknown  factors  in  the  expansion  of  suspenalon  culture  to  an 
industrial  acale.  Cater*  indicated  that  oxygen  tension,  ORP.  and  pH 
are  three  process  variables  that  can  be  phyaically  aeasured  and  are 
of  iaportance  in  describing  the  environaent  of  cella  in  •slcrobiological 
syateaa.  We  concluded  froa  Cater 's  work  that  ORP  sdght  be  a  aeasure 
of  a  dynaaic  equilibriua  between  an  oxygen  supply  ind  the  metabolic 
activities  of  cells  represented  by  a  concentration  of  reduced  substances 
within  the  tystea.  However,  Kongo  noted  that  ORP  levels  sre  difficult 
to  aeasure,  and  the  data  even  acre  difficult  to  analyze.  Other  workers 
felt  that  the  dissolaed  oxygen  levcla^  or  the  oxygen  concentration^' 
mie  Che  swat  l^or,.ant  factors  in  consideriiig  ORP  equilibria  in  systems 
containing  actively  grewing  organisaa. 


*  Unpublished  results. 
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For  these  reesons  we  designed  s  sasll  fernenCor  hsvlng  the  following 
capabilities;  (1)  its  pH  and  OKP  can  be  controlled  and  recorded,  (11) 

It  can  be  aerated  at  controlled  races  and  with  particular  gaseous  alxtures, 
(111)  It  can  be  agitated  at  desired  Impeller  rates,  '.Iv)  It  Is  capable  of 
continuous  culture,  and  (v)  Its  testperature  can  be  sensed  and  controlled. 
This  report  describes  the  Interim  design  of  the  fermentor  currently  used 
in  our  tissue  culture  studies. 


II.  MATSRIALS  AMD  WTHOPS 


A.  FEBtCNTOR 

Ttie  fersMntor  parts  are  shewn  In  Figure  1.  The  culture  vessel  (Q) 

Is  a  1-liter  resin  reaction  kettle*  with  a  bottom  drain  and  a  top  (K)  with 
openings  for  standard- taper  2A/40  Joints.  The  center  opening  contains  the 
Isqmller  assembly  (I-M).  This  assesfely  consists  of  a  ground-glass  housing 
(I)  for  a  four-poled  ceramic  magnet**  (K)  and  an  impeller  shaft;  a  Teflon 
sleeve  bearing  (J);  a  SFIA  stainless  steel  ball  bearing***  (L)  with  a  0.25- 
Inch  bore,  an  O.D.  of  0.62S-lnch,  and  a  flange  diameter  of  0.690-inch;  and 
a  stainless  steel  fcur-bladed  turbine  Impeller  (M)  with  blades  1/2  by  9/16 
Inch  and  an  outside  diameter  of  2^  Inches.  The  Impellers  were  fabricated 
from  316  stainless  steel. 

A  second  opening  provided  entry  for  three  electrodes;  a  glass  electrode, 
BKMilfled  Beckssin  19101  redesignated  78304;  a  silver  -  silver  chloride 
reference  electrode,  palladium  tip,  Secknan  19730,  modified  by  removal 
of  2  Inches  within  the  stem;  and  a  platinum- In  lay  metallic  electrode,  Bei  kman 
19001.  An  exhaust  (T)  also  entered  this  opening. 

Inlet  lines  (G)  for  medium,  base,  and  chemical  reducing  reagents  entered 
through  a  third  opening.  On  the  basis  of  previous  experience  we  found  it 
necessary  to  introduce  the  reagents  through  small-bore  (l-mm)  capillary 
tubes  chat  permitted  the  reagents  to  drop  directly  into  the  culture.  Rubber 
Cubes  that  ran  from  medium,  base,  and  chemical  reducing  reagent  reservoirs 
into  the  culture  vessel  were  Interrupted  with  ground-glass  lonncctions  to 
facilitate  breakdown  and  assembly  of  the  fermentor. 

The  fourth  opening  contained  the  gassing  and  sampling  assembly  (A-F). 

An  alr-C02  mixture  or  nitrogen  was  sterilised  by  passing  through  two  aerosol 
filters  (A  and  B)****  and  then  th-.ough  bacteriological  filters  of  cotton. 


*  Fisher  Scientific  Co.,  Silver  Spring,  Maryland. 

**  General  Precision  Inc.,  Aerospace  Croup,  Clinton,  N.  J. 

***  New  Hampshire  Ball  Bearing,  Inc..  Peterborough,  New  Hatqisbire. 

****  May  be  replaced  by  any  suitable  higb-f low-rate  filter. 


Figure  1.  tte  t-Lit«r  fcnmtgr  Slwrlug  Its  Co^<ioeDt  Perts. 
(«cg  l»>OM*l/Air-65) 


Legend: 

A  •  «iT  filter  (two  eeroe«l  filter  ce  .istert,  or  sulteble  subetitute) 

B  aitrogco  filter  (two  eeroeol  filter  cenietere,  or  suitable  substitute 
C  *  bectcrlologicel  filter,  cottoa  wool 
0  -  aeretioa  beed  with  tberwletor  |rrobe 
C  •  entry  port 
F  -  seaplliic  port 

C  -  inlet  line*  for  aedloB,  bene,  end  cbcHlcnl  reducing  reagents 
H  ground  glass  conncctc«r« 

1  -  grewd  glass  bousing  <24/40  atd  taper)  for  nagnet  and  upper  shaft 

.!  -  Teflon  sleeve  bearing 

K  «  4  to  8  pole  ceraeic  nagnet 

L  >  •tainleaa  steel  sbeft  bearing 

n  •  stainless  steel  iopeller 

B  -  resin  kettle  top 

C  *  tvo  shcct-’rubber  gaskets 

P  •  stainless  steel  electrode  holdsr  with  rubber  stoppers  and  eK-xtrodes 
Q  •  resin  reactor  kettle.  1000  nl 
i  •  fementor  drain  line 

S  •  atainlesa  steel  clsj^ 

T  -  cottoa  wool  filter  for  sir  exhaust 
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A  theraiaCor  probe  416*  (0}  eatered  with  this  Maoably.  An  entry  port  (S) 
end  aaavllns  port  (F)  ere  alao  included  in  thla  aaaeably.  A  gleaa  tube 
connected  to  one  of  the  gaa  filtering  ayateaa  end  extending  into  the 
veaael  to  the  d^tb  of  the  aenpling  line  pemicted  apergii^.  The  fementor 
waa  heated  with  an  electrical  beating  tape**  (Figure  2,  ■)  wrapped  around 
the  bate  of  the  farnantor.  The  aaaeabled  fenentor  ia  ahown  In  Figure  2. 

Silaatlc  KTV  aealant-adheaive***  waa  uaed  to  aeal  the  rubber  atoppera 
where  Che  electrode  laada  and  varioua  linea  entered  the  feraientor. 


6.  DRIVE  iCC^lSM 

The  agitation  ayatew  la  driven  by  a  aewlng  aachlne  aotor****  (a.c./d.c. 

1.2  amp)  wounted  on  an  aluntnuai  baae  plate;  the  driver  pulley  is  S/8  inch 
dlaaecei.',  and  the  driven  pulley  (34  iochea  dlaaieLet;},  la  nounted  cn  tl.e  shaft 
with  a  4-pole  ceraadc  nagoec  (Figures  3  and  3a).  This  drive  system,  when 
re^ulafed  through  a  varlac  on  the  control  panel  figure  4),  will  provide 
Suitable  speeds.  The  awgnec  on  the  shaft  with  the  driven  pulley  turns 
a  shaft  wlth'n  Che  fementor  that  has  on  one  end  a  four-  or  eight-poled 
c  ramie  nagneC  and  Che  stainless  steel  Impeller  on  the  ocher.  Since  one 
magnet  drives  Che  other  with  a  "magnetic  cogwheel  drive,"  one  can  count  the 
exact  cevolutlona  of  Che  o<itslde  aagret  and  compute  thereby  the  speed  of  the 
inside  shaft.  At  slow  speeds  Cha  rpm  can  be  determined  by  counting  Che  nuwbmr 
of  times  a  protuberance  on  the  external  shaft  strikes  one's  finger  within 
a  timed  interval;  at  faster  speeds,  an  arrangement  resembling  a  barber  pole 
is  placed  on  the  driver  shaft  outside  the  fementor  and  a  Pioneer  Photo- 
Tach*****  Model  12  unit  is  used  to  establish  its  speed. 

A  lurcher  and  very  considerable  advantage  of  this  drive  mechanism  Is 
the  absence  of  any  shaft  seal  problems. 


” .  CONTROl  PANEL 

A  control  panel  (Figure  4}  was  designed  to:  (i)  control  and  record  pH, 
(ii)  record  and  contrcl  ORP,  (ill)  delay  reactions  through  iiie  uat.  suitable 
timers  to  prevent  overcontrolling,  (iv)  sense  and  control  teiq>erature  and 
iv^  contrcl  the  speed  of  agitation. 


*  Yellc>  Springs  Instrument  Co.,  Icc.,  Yellow  Springs.  Ohio. 

**  Electro-Truce  Corp.,  Westport,  Conn. 

***  Dov  Corning  Corp.,  Michigan. 

Seals,  Roebuck,  and  Co..  Model  ISsu. 

Tiip  Pioneer  Electric  and  Research  Corp.  Forest  Park,  Ill, 
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Figure  2.  A«uciAl«4  l-Litcr  f eriientac . 
<«eg  1S-0M<2/AM;-«5) 


Legend: 

A  -  ehafe  cop  bearing 

B  -  top  of  thermiator  probe 

C  -  alr-C02  oeerlajr  line 

D  -  nitrogen  aparge  line 

e  •  wdlue  Islet  line 

r  -  bate  Inlet  line 

G  -  reagent  Inlet  line 

a  -  dUphrage  of  entry  port 

I  -  ahefl  eagnet,  *  or  8  pole  ceraelc 

J  -  atalnleaa  ateel  cla^ 

g  -  sanpling  line 

L  -  cotton  wool  filter 

H  -  ground  glass  connector 

n  -  electrical  heating  tape 

O  -  filters  (aerosol  filter  canisters  or  suitable  substitute) 
r  -  fereentor  drain  line 


a 


rtgtiTi  j,  B>  (tsry  ot  Thr««  1-Litcr  F;er«entQrB  with  Accessory 
Equipacnt.  (Neg  i/AJC-65) 


Legend: 

A  •  vediua  reservoir 

B  -  bese  reservoir 

C  -  base  aeasurlne  burette 

D  -  soler.oid  waive  Icr  base  line 

E  -  aftsauring  reservoir  for  aediua  additions 

F  -  i-di^cller  driving  ifnr  astcably 

G  '  stirring  aotor  used  for  impeller  drive 

H  •  asseisbled  feraentor 


n 


:>ia|>Iined  View  of  rtraentor  Drive. 


Figure  J*. 
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Fifurc  4.  Control  NmIs  foe  «  lottery  of  Iliree  NLiter 
Peraentoco.  (leg  18-064>4/AIC-bS) 

Legend: 

A  •  pH  icidlcAtor-cofitroI  l«r 

1  -  pH  recorder 

C  •  pH  relApf 

D  *  pH  •oyvetry  cootrol 

€  -  millivolt  indlcator-contrcUer 

P  -  millivolt  recorder 

G  *  millivclt  releyit 

H  •  millivolt  asymoetry  control 

I  -  O'lOOX  15'aec  timer  for  pH  low  point 

J  -  O-lOOl  J5»*ec  timer  for  pn  high  print 

K  >  temperature  correction  for  pH 

L  •  O-lOOl  13*aec  timer  for  milltlvolt  lou  point 

H  -  O-lOOfc  timer  for  cillivolt  high  poiot 

0  •  5-a^  fuee 

P  -  variac 

Q  *  macter  avitch 
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The  pS  and  the  ORP  control  davlcea  were  Idontlcal  except  that  the 
calibration  on  the  Indicator  penela  differed.  Bach  ayateM  conalated 
of  an  aoplifler  (BadloaMter  FfBI-32)*  with  adlllvolt  (av)  and  alcroaapere 
outputa,  an  indicator-controller  (Pantan  Meaacontactor  P  x  2  Nil),** 
and  d.c.  aicroaapere  recorder  (Buatrak).***  To  record  p8,  the  atandard 
Ruatrak  500  -  0  -  500  aicroaiapere  recorder  waa  uaed  with  an  appropriate 
face  dial  to  Indicate  a  pB  range  of  froa  2  to  12  pB  unite.  A  pB  range 
of  froa  4  to  10  waa  uaed  for  the  Indicator-controller,  which  had  a  range 
of  300  -  0  -  300  adcroaaperea .  Both  the  Indicator-controller  and  the 
Ruatrak  recorder  uaed  for  av  aeaauraaanta  had  a  range  of  400  -  0  -  400  av 
with  an  Internal  range  for  both  of  700  -  0  -  700  Bicroaaperea . 

The  Pantaa  controller  la  a  relatively  Inexpenalve  Inatruaent  that 
Indicatea  the  actual  value  of  the  circuit  after  paaalng  the  control  points. 
Thus,  it  does  nut  "peg"  and  bounce  because  It  Is  actuated  through  a  system 
of  r.hadow  vanes  and  photoelectric  cells  with  appropriate  relays.  This 
particular  circuit  employs  a  separate  control  box  housing  that  provides 
aanaltlvlty  controls  for  the  two  relays  (high  and  low  points). 

The  Ruatrak  recorder  was  selected  for  Its  low  coat  and  site  (3  5/S-  by 
5  5/8-  by  4  1/8-lnches).  Other  comnondable  features  of  this  current 
ctrorder  are:  (1)  21  full  scale  accuracy,  (11)  2  seconds  maximum  response 
t  tnie  (111)  2X  full  scale  overshoot,  and  Uv)  31  days  recording  time  with 
one  roll  of  chart  paper  and  no  ink  required.  In  certain  Instances  the 
rroorder  was  supplied  with  shunt  resistances  to  provide  suitable  calibration 
and  operation  compatible  with  the  output  of  the  aaq>llflers. 

To  prevent  overcontrol,  ATC  Model  304  percentage  Input  controllers**** 
wre  added  to  time  desired  corrective  actions.  For  example,  this  action, 
when  demanded  by  the  Indicator-controller  for  the  pP  system,  limits  the 
time  that  the  valve  (Figure  5)  of  the  acid  or  the  base  reservoir  Is  ov.  . 

■frr.  rrreivirg  a  control  signal.  The  maximum  and  minimum  settings  are  15 
end  :/4  seconds,  respectively. 

The  t^perature  is  controlled  through  a  chermla,.or  probe,  a  controller***** 

a  heating  tape  previously  sientloned.  A  small  neon  "nlte-llte"  la  added 
to  the  plue  between  the  heating  tape  and  the  controller  to  Indicate  on 
'I'd  off  cycles  at  the  fermentor  proper.  Teats  showed  that  the  syatem 
7k.ir’ains  the  desired  temperature  of  37t0.2  C. 


*  Radiometer  72,  EiadrupveJ,  Copenhagen  FV,  Denmark. 

**  ':aradlan  Research  Institute,  85  Curlew  Drive,  Don  Mills,  Ont.,  Canada. 

*■**  Rustrak  lost.  Co.,  130  Sliver  St.,  Manchester,  N.  H. 

•»***  Automatic  Timing  end  Controls.  Inc.,  King  of  Frusala,  h. 

*  Yellow  Springs  Instrument  Co..  Inc.,  Yellow  Sprlnga,  Ohio;  Model  fi3. 
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A  <•  •lacl«  •cCtag  « 

B  «  4o«bl*  acctoB  j 


D.  mOIUM 


UnlMt  otb*rwite  •pcctflcd,  the  Mdlua  cooslsted  of  E«sl«'a  adnlauM 
easentlal  aedlua  (double  strenetb)  with  Berle'e  belenced  aalt  solution, 
end  m  bovine  serum.  This  ■sdliss  was  fortified  with  cysteine,  260 
end  escorblc  sc  Id,  SO  ^/id. 


E.  COtraOlLJHG  pH  AMD  CAP 

The  pH  of  the  medium  wes  controlled  with  sterile  solutions  of  0.1  N 
HCl  and  Ma2C03.  At  very  high  cell  concentrations,  when  large  quantities 
of  reagent  may  be  required  to  adjust  pH,  the  normality  can  be  changed 
to  O.S  to  prevent  excessive  dilution  and  volume  buildup. 

The  OHP  was  lowered  either  physically  by  sparging  with  M2;  or  chemically 
by  adding  cysteine,  ascorbic  acid,  sodium  thioglycollate,  or  a  mixture 
of  cysteine  and  escorblc  acid. 

TWenty-flve«ml  burettes  with  a  side  arm  were  used  to  measure  the  total 
base,  acid,  or  other  chemicals  added  on  demand  to  the  fermentor.  The 
burettes  were  filled  as  needed  with  previously  autoclaved  solutions  that 
were  stored  In  SOO-ml  aspirator  bottles.  A  4>channel  event  recorder* 
showed  the  time  the  response  took  place  and  its  duration.  Therefore,  If 
the  burette  delivers  material  at  a  reasonably  constant  rate,  the  amount 
released  at  any  time  can  be  estimated. 

A  9>lb  Guardian  solenoid**  was  attached  to  a  plnchcock  to  electrically 
operate  valves  that  permitted  liquids  or  gases  to  flow  through  rubber 
tubing  as  desired  (Pig.  3).  The  electrical  Impulse  from  the  solenoid  was 
used  to  operate  the  event  recorder  to  produce  a  record  of  the  {.olenold 
operat  loci . 


F.  AEHATION  OF  CULTUU 

The  gas  In  the  fermenlor  was  controlled  by  overlaying  mixtures  of  air 
and  CO2  using  the  gas  mixing  apparatus  of  Dsniels  and  Browning.*^  The 
flow  rate  was  controlled  by  a  series  of  rotemMters  (Fig.  3,.l). 


*  Hustrak  Inst.  Co.,  130  Silver  St.,  Manchester,  M.  R. 

**  Allied  Electronics,  100  M.  Western  Ave.,  Chicago,  Illinois. 
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G.  nocioou 

Hm  gMaral  procedure  for  prepering  end  sterlllilog  Che  veeecl  for  cieeue 
cell  growth  follows; 

1.  Cleeaelng  of  Bqulpewnt 

The  fenMn  tor  glooMMCO  Atkd  all  parts  ware  washed  and  scrubbed 
with  tap  water  and  Hicro-Solve*  claanalng  agent^  rinsed  three  tlwes  with 
tep  wecer,  twice  with  distilled  weter,  end  flnelly  rlnaed  with  lCl*-ohw 
specific  realetence  weter  produced  by  en  Aaerlcen  Steriliser**  still  reserved 
for  production  of  hlgh-guellty  distilled  weter.  If  the  fex«entoc  wae  not 
to  be  used  iHeedletely,  It  wes  loosely  easeahled  with  about  SOO  nl  of  the 
lOr  -ohsi  weter  sod  peraltced  to  aoek  until  needed.  This  protected  the  glass 
electrode  from  possible  dehydration  and  assnred  a  good  rinsing  prior  to  use 
of  the  vessel. 

2.  Asse^ly 

The  ferwentor  es  shown  In  Figures  1  end  2  was  assenbled,  using 
DaW'Cornlng  stopcock  grease  on  all  ground>glaas  Joints  ss  a  protective 
barrier.  This  lubricant  wes  also  used  around  the  stainless  steel  ball  bearing 
and  Che  Teflon  sleeve  bearing  In  the  bearing  cap  because  at  autoclave 
teaperaturea  it  does  not  welt  and  drt^  Into  the  fersKnCor. 

Openings  Into  the  fensentor  for  wires  through  stoppers,  etc.  were 
sesled  with  the  Silastic  sealsnt-adheslve.  Preliminary  experiments  in  our 
laboratories  had  shown  this  neterlel  to  be  relatively  nontoxlc;  cells  grew 
up  to  the  adhesive  spresd  on  th  -  bottom  of  T-60  flasks  with  no  evidence  of 
toKlcity. 


3.  Inoculation 

A  2S0-ml  aspirator  bottle  filled  with  strain  L  mouse  fibroblast 
(Earle)  cells  was  used  to  Inoculate  the  fermentor  under  aseptic  conditions. 
A  needle  attached  to  the  aspirator  bottle  was  forced  through  the  entry 
port  (figure  2,H),  which  had  been  sterilised  with  a  5,000  ppm  sodium 
hypochlorite  solution.  The  cell  suspension  was  allowed  to  pass  into  the 
fermentor  by  gravity. 


*  Mlcro-Solve  Tissue  Culture  cleaning  detergent,  manufactured  by 
Microbiological  Associates,  Inc.,  Eethesda,  Md. 

**  American  Steriliser  Co.,  Erie,  Ps. 


HI.  KISULTS  AMD  DISCUSSIOM 


A.  EQUIRCNI 

1.  Ttie  Feraentor 

Tlghtnes*  of  £he  apparatus  was  deaonatrated  by  aalntalning  a  iterile 
aediua  within  the  agitated  feraentor  for  two  weeks.  Thus,  the  expedient 
of  using  stopcock  grease  to  seal  glass  Joints  was  of  value. 

2.  Control 

a.  Response  of  the  pH  and  ORP  systeas 

In  the  present  design,  pH  correction  is  alaost  Instantaneous. 
Thus,  any  desired  pH  could  be  retained  aliust  indefinitely,  or  at  a 
desired  tlae  the  control  point  shifted  and  a  new  pH  established.  The 
OR?  lespouse  generally  Is  slower  and  depends  on  the  means  of  correction 
as  to  how  siuch  doe  Is  required  before  the  desired  ORP  level  Is 
established.  By  adding  chealcal  reducing  agents  such  as  a  mixture  of 
cysteine  and  ascorbic  acid  (26  g/llter  and  5  g/llter,  respectively),  or 
sodium  thloglycollate  (112  g/llter),  or  ascorbic  acid  (5  g/llter),  the 
time  for  response  to  the  desired  level  is  about  2  minutes  or  less.  Under 
the  conditions  of  the  experiments  to  date  with  either  no  air  overlay  or 
perhaps  as  asich  as  5  al/aln,  oxidation  of  the  system  to  the  point  of 
requiring  an  additional  corrective  action  is  1  to  2  hours.  The  response 
time  for  reduction  with  N2  sparging  Is  about  13  minutes. 

b.  Effect  of  Increasing  Impeller  Speed 

Early  In  our  experiments  ve  noticed  that  changing  impeller 
speeds  produced  changes  in  the  ORP  registered  by  the  recorder  and  indicator. 
We  were  intrigued  by  the  possibility  of  controlling  the  aeration  dcumnJ 
of  Che  syacea  via  the  ORP.  The  isqieller  speed  was  deliberately  Increased 
30  rpm,  from  70  to  120  rpm,  for  1  ainute  to  determine  what  effect  it  would 
have  on  the  CSP.  Figure  6  shows  that  the  ORP  rose  from  a  ■1-39  to  -H>2 
after  100  alnutes,  although  the  speed  increase  lasted  only  1  minute.  After 
an  additional  70  alnutes,  the  ORP  had  dropped  to  448,  which  was  still 
above  the  initial  figure  of  4-39.  Approxlaately  0.191  v  should  be  added 
to  all  observed  readings  of  the  ORP  to  obtain  the  potential  relative 
to  the  hydrogen  electrode. 

In  attei^>tlng  to  understand  Just  what  occurred,  we  wondered  abou 
the  actual  oxygen  transfer  rate  for  this  system  and  the  spinner>type 
vessel  with  only  gas  overlays.  Table  1  shows  the  relationships  among 
impeller  speeds,  voluises,  rates  of  air  flow,  and  sulfite  iiumberfi  fer  the 


ORP«  mv  (Uftcorr«ct«d  for  Roforonco  Eloctrodo) 
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ccTaentor  with  a  gu  overlay  of  95£  air  and  S£  CC2.  So  aignlSlcaat 
difference  exleca  between  the  eulflte  nuebera  noted  for  5  el  of  gas 
overlay  per  minute  coepered  wltb  10  ml.  There  wae  uo  significant 
difference  between  the  ceygen  adsorption  rates  obtained  at  50  and  100 
rp«.  However,  the  oxygen  adsorption  rates  did  drop  significantly 
as  the  fluid  volume  was  Increased  and  when  the  Impeller  speed  was 
Increased  to  ISO  rpm.  This  phenomenon  of  decreased  adsorption  with 
Increased  agitation  In  an  unsparged  vessel  has  been  reported  elsewhere. 
In  the  light  of  these  results,  the  data  In  Figure  6  becowe  difficult 
to  understand  unless  we  assusm  that  the  controlling  factor  regarding 
the  ORP  level  estcbllshed  within  the  system  Is  the  rate  at  which  the 
cells  can  utilise  available  dissolved  omygen  through  their  surfaces, 
and  that  this  rate  Is  enhanced  with  Increased  agitation,  thus  oxidising 
the  reduced  environment.  This  possibility  Is  being  explored,  and 
one  can  see  the  possibility  of  controlling  aeration  needs  of  cells  and 
even  other  sdcroblologlcal  systems  by  controlling  the  ORF,  since  this 
figure  expresses  the  overall  relationship  between  oxidising  and  reducing 
substances  both  within  and  outside  the  cells. 


TABLE  1.  SntFITB  MOtBERS  FOR  THE  FERMEirtOR  AT  DIFFE3EMT 
All  OfVERLAT  BATES  AITO  IMFRLUtR  SPEEDS 


Impeller  Speed, 
rpm 

Air  Flow, 
ml /min 

Sulfite  Ho.a/  xt  Various 

Fluid  Uvels 

in  Vessels 

250  ml 

500  ml 

750  ml 

50 

5 

0.071 

0.034 

0.025 

100 

5 

0.073 

0.035 

0.021 

100 

10 

0.070 

0.034 

0.022 

150 

5 

0.0A5 

0.027 

0.014 

a.  eM  (millimole}  02/lltec/mln. 


3.  Miscellaneous 

a.  Assembly  Time 

Initial  assead>ly  of  equipment,  and  preparation  and  sterilisation 
requires  much  more  tlsm  (one  day  per  fermentor)  than  for  subsequent  runs  In 
«fhlch  only  the  fermentor  is  removed  from  the  lines.  In  reswrving  a  fermentor 
the  lines  are  clamped  and  the  exposed  ends  are  protected  with  a  gauze  pad 
soaked  with  5,000  ppm  sodium  hypochlorite  solution.  Using  such  procedures 
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■  fcnMntor  can  be  dlMeaeabled,  cleaned,  aterillsed,  and  reaaaeiAled  in 
about  3  hours.  Thus,  after  all  valves,  air  lines,  burettes,  etc.,  are  In 
place,  one  can  change  conditions  for  an  experlnent,  and  start  another  cycle 
of  thtce  f erne II tors  In  about  one  day;  this  nay  be  considered  a  reasonably 
efficient  operation. 

b.  Calibration  of  Electrodes 

The  OKP  systen  electrodes  required  special  cleaning  between  runs 
and  occasional  calibre  '-.Ion  checks  to  Insure  accuracy  of  readings  and  to  insure 
that  all  ezperlnents  Involving  sMre  than  one  fernentor  were  initiated  under 
exactly  the  sane  conditions.  A  sanple  froai  the  fensentor  tested  by  the 
standard  laboratory  aeters  for  pH  and  OR.P  established  the  Initial  values 
because  these  electrodes  could  be  exchanged  If  their  accuracy  were  In  doubt, 
and  a  reference  sanple  could  be  used  as  a  standard  also  to  give  a  reproducible 
value.  These  findings  and  special  techniques  will  be  presented  In 
another  paper. 


B.  BIOUXIICAL  RESULTS 

Results  from  30  runs  reveal  that  good  growth  of  L  cells  can  be  achieved 
within  this  ferwentor,  and  that  accurate  pH  and  ORP  control  can  be  attained. 
Presently  we  can  achieve  pH  control  within  ±0.05  pH  unit  and  believe  that 
±0.1  Is  acc‘$ptsbla.  ORP  can  be  controlled  within  ±15  sni  with  a  nitrogen 
sparging  and  acratlon/agltatlon  aystew  (95X  air  and  51  CO2)  or  ±10  wv  with 
a  cheailcal  reduction  (such  as  with  ascorbic  acid)  and  aeration/agitation 
syatew.  At  our  present  state  of  knowledge  this  capability  seeaw  acceptable. 
Our  experience  with  bacterial  systeas  (unpublished)  showed  that  both  pH 
and  ORP  could  be  balanced  auch  more  easily;  in  fact  with  Micrococcus 
Ivsodelktlcus  the  air  rate  could  be  balanced  (sparged  air)  to  give  a  constant 
pH  and  ORP.  He  believe  that  the  variation  experienced  with  tissue  cells 
alght  arise  froa  either  or  both  of  two  possibilities: 

a)  The  rate  of  aetabollsa  is  so  auch  slower  (generation  tlaes  of 
24  to  48  hours  coaqwred  with  20  alnutes  for  so«k  bacteria)  that  the  whole 
systen  is  sluggish  in  response;  part  of  this  difficulty,  too,  lies  in  the 
Interrelationships  aaong  the  various  constituents  of  the  aedlun  and  within 
the  cell^  for  exaaple  the  Interrelationships  of  ascorbic  acid,  and  cysteine  - 
cystine."* 


b)  Metering  stiell  quantities  of  nsterlal  exactly  aa  needed  is 
difficult  without  unduly  ccsapllcaf Ing  the  equlpaent  design.  We  have  solved 
this  problea  by  using  more  dilute  chesiicals,  but  this  approach  causes 
dilution  effects. 
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<}ro»th  of  L  cells  hss  been  equsl  Co  or  even  better  In  soae  cases  than 
generally  achieved  in  spinner  cultures  not  replenished  with  nedlua  after 
centrifugation  of  the  population.  Xsble  1,  for  ezaa^le,  shows  the  data 
obtained  when  Che  feraentor  was  operated  as  a  spinner  culture  vessel  with 
agitation,  no  pB  control,  no  gas  overlay,  and  no  effort  to  provide  (Mf 
control.  Achieving  aore  Chan  5  a  10^  cells  per  al  without  centrifugation 
and  aedlin  renewal  certainly  shows  that  good  growth  can  be  achieved  In 
the  vessel,  although  one  night  not  understand  the  reasons  for  failure 
Id  other  Instances.  In  one  of  Che  earlier  experlaents,  for  exaaple,  we 
noted  no  growdi  and  checked  the  air  constitution  above  Che  liquid  surface 
Co  find  it  to  be  about  ISX  002<  This,  however,  does  not  happen  in  every 
case.  Since  spinner  cultures  are  generally  vented  to  Che  air  through 
cotton-filled  glass  filters  or  the  like,  the  regular  filling  and  eiqttylag 
of  Che  vessel,  through  aedlua  additions  and  renoval,  supplies  necessery 
sir,  even  in  the  absence  of  a  constaoC  air  source  and  presrure  auch  as 
presently  used. 

Table  3  shows  Che  growth  of  L  cells  with  the  electrode  systea 
operating.  This  experlaenc  tuts  aade  to  detecmlue  whether  the  leakage 
of  electrolyte  through  Che  palladlua  tip  of  the  reference  electrode 
would  affect  gr<arth.  The  growth  Is  substantially  slallsr  to  that  shown 
in  Table  2.  The  experlamC  was  CeradnaCed  because  of  contaaloation  picked 
up  in  the  aedlua  reservoir. 

1.  Effect  of  Adding  Cyatelne/Ascorbic  Acid  Mixture  to  One  Run 

Table  4  shows  observations  aide  during  the  first  10  days  of 
8  run  chat  lasted  38  dsys.  At  the  beginning,  the  growth  seeaed  to  falter 
and  fall  so  Chst  about  30  x  10^  cells,  frea  a  7'day-old  Roux  bottle,  were 
added  Co  bolster  the  population,  giving  a  total  of  65  x  IC^  cells.  Here 
egaln  the  population  faltered  and  the  viability  dropped  froa  77  to  about 
591.  Fifty-two  houra  after  the  additional  cells  were  added,  autoaatlc 
ORP  control  uaa  begun  for  reduction,  eaploylng  cysteine  and  ascorbic  acid 
(269  g/lltec  and  5  g/llter,  respectively).  The  ORP  cmtrollers  were 
arbitrarily  aet  at  0  and  -fM  av.  Thereafter  the  cell  counts  and  culture 
viabilities  steadily  Increased.  At  certain  points,  the  autoaatlc  control 
was  not  used  but  tbt.  cells  reduced  the  envlronaent  theaselves,  on  days 
5,  6,  8,  9,  and  10. 

Table  5  lists  Che  nuadiers  of  hervefts  obtained  froa  the  feraentor, 
the  uuabers  of  geiweratlons,  and  the  generation  tlaes  during  the  38-day 
period.  These  harvests  were  used  in  other  experlaents.  The  yields, 
despite  the  control  of  pB  and  ORF,  were  generally  coaparable  and 
only  In  one  Instance  were  they  appreciably  greater  than  those  previously 
obtaitted  froa  a  4-quart  spinner  culture.  Possible  reasons  for  this 
rests  in  not  knowing  the  right  sequence  of  ORP  values,  aaterlala  to  use 
tor  reducing  agents,  or  optlaal  p6  levels.  That  the  growth  of  ceils 
Bight  be  accelerated  by  establishing  s  sequence  of  ORF  values,  or  whether 


TAR-.E  2.  SiiBMERGED  CROWTH  OF  EARLE’S  STRAIN  L  CELLS  IN  THE  l-LITER  PERHEVTOR 
OPERATED  AS  A  SPINNER  CULTURE  WITH  EAGLE'S  MINIMUM  ESSENTIAL  MEDIUM 
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Culture  harvesting  and  medium  addition  performed  in  that  order  after  sampling  for  count. 
This  figure  represents  volume  after  1  to  2  samples  of  6  to  10  ml  were  removed  for  counts 
Total  asuiunt  harvested  was  1120  ul,  with  a  total  viable  count  of  710  x  10*  tells. 


TABLE  5.  NUMBER  OF  GENERATIONS  AND  ME.  ''  GENERATION  TIMES  OF  HARVESTED 
EARLE'S  STRAIN  L  CELLS  GROWN  SUBMl  "”D  FOR  DAYS  IN  THE  ONE-LITER  PERM* 
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•uch  level*  oaly  aerve  to  potae  the  cell*  for  growth  and  then  to  Indicate 
the  progreaa  and  apeed  of  growth,  atlll  reMlna  to  be  learned.  Even  the 
knowledge  of  when  the  logarlthalc  growth  phaae  ha*  temlnated  would  be  of 
Ineatinable  value  In  ellnlnatlng  tag  period*  in  cell  production. 

One  poaalbly  Inportant  factor,  uncovered  at  the  terwloatloa  of 
thla  run,  waa  the  Aectrolytlc  decoapoaltlon  of  the  Inpeller,  a  condition 
reaultlng  frow  the  uae  of  two  different  type*  of  atalnleaa  ateel  (306  and 
316)  in  fabricating  the  Inpeller.  Thla,  of  courae,  with  the  Increaaed 
ferric  or  ferroua  Iona  paaalng  Into  aolutlon,  could  have  affected  the 
rate*  of  growth. 

2.  Growth  of  Celia  and  Adjuatwenta  of  OEP  via  Iwpeller  Speed 

The  data  obtained  In  the  Cloal  169  hour*  of  growth  prior  to 
Harveat  No.  8  1*  ahown  In  Table*  6  and  7.  During  that  period  the  ORF  was 
adjusted  by  varying  the  Inpeller  apeed  tSO  rpn  aa  needed;  the  volune  was  held 
aore  or  less  constant,  and  the  nediun  was  fortified  with  concentrates  of 
Eagle's  nlninun  essential  n^lun  and  glucose.  This  resulted  in  sustaining 
the  cell  counts  abrve  1  x  lOr  cells  per  nl  for  30  hours  and  probably  longer. 

Our  previous  experience  ah<wed  that  high  cell  counts,  In  the  absence  of 
centrifugation  of  cells  and  resuapenslon  In  fresh  nediun,  dropped  rath<.t 
quickly  after  occurring.  This  ha*  been  true  even  though  the  nediun  is 
fortified  with  Eagle's  concentrates,  cysteine,  and  ascorbic  acid. 

During  the  169  hours  of  this  pact  of  the  cun,  the  shortest  generation 
tine  was  14.7  hours  and  the  longest  was  84.2  hours.  Thus,  the  average 
of  45. S  hours  (corrected  for  periods  without  growth)  correlates  with 
that  reported  In  Table  3.  The  shortest  generation  time  (Table  6)  occurred 
during  the  period  that  the  cells  theanelves  reduced  the  environment  from 
■rllO  aw  to  -^40  nv  (Table  7).  Ac  31.9  hours  (Tables  6  and  7)  the  cells  were 
fed  with  concentrates  and  left  alone  during  which  tine  the  system  reduced 
the  potential  to  -t-10  nv  by  48  hours.  The  resulting  growth  showed  a  generation 
tine  of  84.2  hours.  The  Inpeller  was  speeded  up  to  increase  the  rate  of 
aeration  or  to  raise  the  potential  to  +60  at  55.2  hours.  The  resulting  growth 
showed  a  generation  tine  of  20.9  hotars.  The  system  again  dropped  to  +10  siv. 
Here  the  system  was  fed  and  raised  to  +60  nv  by  increased  inpeller  speed. 

The  cells  reduced  the  system  to  a  +10  with  no  growth.  After  this  readlrig 
at  79.2  hours,  the  Impeller  was  Increased  In  speed  and  kept  at  a  faster 
rate  until  Che  ORP  rose  to  +140.  The  cell  nusfcers  increased  with  a 
generation  time  of  77.9  hours.  The  population  then  dropped  the  ORP  to  a  +20 
with  Increased  cell  growth  and  a  generation  time  of  24.9  hours.  Unfortunately, 
the  experiment  was  Chen  abandoned,  except  for  counts,  for  scheduling  reasons. 


TABLE  6.  SUBMERGED  GROVrTH  OF  EARLE’S  STRAIN  L  CELLS  IN  THE  ONE-LITER  FERMBt»'^ 
-  FINAL  EIGHT  DAYS  OF  GROWTH  FOR  HARVEST  8  WITH  CONSTANT  VOLUME 
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Average  geiieratlon  time  -  169.2  houra/2 .  J83  general  iona  *  7.i0  houra  pet  generation;  average  generatlor  time 
Lorrect«»d  for  periods  wlt‘’-'ut  growth  *  li'3.6  houra/2.83  generations  “  45.4  hours  per  generation. 


TABLE  7.  OXIDATION-REDUCTION  POTENTIAL  (ORP)  PATTERNS  IK  THE  ONE-LITER  FERMENKA  HELD  AT 
CONSTANT  VOLUME  WITH  SUPPLEMENTS  OF  GLUCOSE,  VITAMINS  ESSENTIAL  AMINO  ACIDS, 

AND  GLUTAMINE  -  FINAL  8  DAYS  C7  GROWTH  FOR  HARVEST  8  WITH  CONSTANT  VOLUME 
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c.  coMiBirrs 

FrcMi  Che  reeulce  above  ooe  can  apeculate  on  the  posatbltlcy  of  tailoring 
aeration  needa  of  the  cella  or  even  bacterial  aysteas  by  uae  of  the  MP 
meaaurlng  and  control  ayataa.  Increaalng  iapeller  apeeda  preaenta  no 
particularly  difficult  probleaa  In  accoaqillahlng  thla.  Uae  of  nitrogen 
for  reduction  la  alao  feaalble  and  haa  been  eaally  accoapliahed  with  thla 
equlpaenc.  The  exact  flndlnga  vlll  be  preaented  In  another  report. 

One  can  only  aaauae  that  the  ORP  electrode  la  an  extreaely  aenaitlve 
inatruaentfor  aaaaurlng  aeration,  alnce  aulflte  nuodsera  (Table  1)  ahow 
an  actual  decreaae  with  Increaaed  agitation  froa  100  to  150  rpa  with 
hardly  any  difference  between  50  and  100  rpa.  Therefore,  the  Increaae 
in  ORP  potential  cauaed  by  Increaalng  iapeller  apeed  froa  70  to  120  rpa 
la  difficult  to  underatand  unleaa  the  actual  reduction  In  aeration,  aa 
aea'jured  by  aulflte  nuabera,  la  accoapanled  by  Increaaed  uae  of  that 
available  by  the  cella;  the  increaaed  conauaption  could  arise  froa  better 
stirring  action.  Riat  sulfite  nuabera  leave  much  to  be  desired  for 
characterising  cxygen  transfer  rates  is  coouaon  knowledge.  Therefore, 

Che  findings  here  aay  again  be  an  indication  of  this. 

One  final  coaaenC  can  be  aade  concerning  these  experlaenta  compared 
with  those  reported  by  others.  These  experlaenta  were  conducted  with  no 
centrifugation  of  the  cella  and  no  replaceaent  of  the  aediurn.  To  feed,  the 
cultures  were  slaply  diluted  with  fresh  aediua,  or  Eagle's  alniaua  essential 
aediua  concentrates  (100  X)  were  added  with  or  without  glucose.  Thus, 
levels  of  5  X  l(f  cells  per  al  represent  fairly  high  concentrations  of  cells, 
particularly  when  they  are  reoalnlng  in  the  so-called  waste  products  of 
aetabollsa  that  possibly  Inhibit  growth.  The  harvests  represent  withdrawal 
of  cells  and  aediua  for  other  experiaents.  Dilution  of  the  "heel"  (l.e. 
cells  and  medium  remaining  in  the  fermenter)  recharged  Che  vessel. 


IV.  CONCLUSIOHS 


Froa  our  experience  to  date  we  feel  these  points  warranted: 

1)  A  l-liter  feraentor  systea,  with  associated  equipment,  has  been 
d,.£igr!cd  and  found  reliable  for  measuring,  recording,  and  controlling  pH 
levels  and  oxidation-reduction  potentials  (ORP).  During  the  growth  of 
I  ceHs,  the  pH  was  controlled  within  i0.05  pH  units  and  the  ORP  was 
controlled  withi'r  210  mv. 


2)  Tailoring  of  aeration  needa  of  tlaaue  cell  syncena  and  poaalbly 
other  alcroblologlcal  ayateaa  aeaaa  feaalble  through  OKP  ■eaaureaent  and 
control,  and  la  worthy  of  further  atudy. 

3)  Controlled  anvlroowenta  for  tlaaue  cell  Metabolic  atudlea  beccae 
entirely  feaalble  with  the  ayatea  deacrlbed. 

The  atudlea  reported  here  In  no  way  are  final  or  repreaentatlve  of  what 
optliaal  condltlona  for  cell  growth  sight  be.  Such  condltlona  are  the  aubjecta 
of  preaent  atudlea  with  the  vitst  of  eventually  being  able  to  Increaae 
reliability  of  aubaerged  growt.h  of  cella  and  conaequently  Increaaed  ratea 
of  growth  and  cell  denaltlea. 
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11  HeSTNAfT 

A  one-liter  feriaentor  was  designed  and  tested  for  use  as  a  c  issuc-culturi^ 
vessel.  It  features  a  teo^rature  control  device;  impeller  agitation  without 
the  necessity  of  a  shaft  seal;  and  a  means  for  measuring,  recording,  and 
contr  illng  both  pH  and  ootldation-reduction  potential  (ORP).  Test*  have 
shown  the  ORP  to  change  fairly  rapidly  with  impeller  speed  variations  under 
condlCsions  of  a  continuous  carbon  dioxide  -  air  overlay.  Working  with  strain 
L  mouse  fibroblasts  (Earle),  cell  counts  of  more  than  1*23  x  10  per  milliliter 
without  centrifugation  and  medium  renewal  were  achieved  and  cell  counts  were 
mintalned  .hove  1  x  10*  for  more  than  30  hour*.  With  the  vessel  studied,  pH 
control  vas  t0.05,  the  ORP  control  w*«  ilO  millivolts.  Controlled  environments 
for  tissue  cell  metabolic  studies  are  entirely  feasible  vlth  this  system. 
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